Introduction
California, which has approximately 109 000 Ha (268 000 acres) of commercial citrus, is the most recent citrus-growing region to be threatened by Huanglongbing (HLB) [1, 2] . HLB is associated with a non-reversible decline in tree vigour and fruit yield. Yield loss results from: reduced fruit number, size and mass; early fruit drop; failure to ripen; and unmarketable flavour. Citrus trees of all commercial species and varieties are susceptible and typically die less than 10 years after symptoms first become apparent.
HLB is associated with the Gram-negative fastidious bacteria Candidatus Liberibacter spp. which are vectored by two species of psyllids: the Asian citrus psyllid (ACP), Diaphorina citri, and the African citrus psyllid, Trioza erytreae. Of the two, ACP is of greater global concern and is the exclusive vector present in North, South and Central America, where it has spread 'Candidatus Liberibacter asiaticus' (CLas) in most key citrus-growing areas.
In California, ACP was first detected in 2008 and CLas in 2012. A coordinated response to suppress ACP populations and limit the spread of HLB has been in place since shortly after ACP was first detected. The Citrus Pest and Disease Prevention Committee (CPDPC) was created in 2009, when the state legislature passed the purpose-written California Agriculture Bill AB-281, requiring the State Secretary of Food and Agriculture to establish a grower-funded programme for citrus pest and disease control, the California Citrus Pest and Disease Prevention Program (CPDPP). The CPDPC consists of 17 voting members (14 growers, two nursery tree producers and one public member), who make recommendations to the California Department of Food and Agriculture (CDFA) for the implementation of the CPDPP. Thus, the CPDPP operates under the regulatory jurisdiction of the CDFA. If a tree is confirmed by the approved regulatory diagnostic protocol-a quantitative polymerase chain reaction (qPCR)-to have CLas DNA present in its tissues, it must be destroyed. If tree owners in any context refuse to allow a qPCR-confirmed tree to be removed, CDFA staff have the legal authority to enforce removal and recover the costs from the owner; the cost of removing voluntarily surrendered infected trees is borne by the programme.
The CPDPC has relied, since its inception, on epidemiological modelling and analysis to support decision-making and to optimize resource allocation among different programme activities, but the scope of these analyses and their integration into the decision-making process have increased over time. The aim of this paper is to give an overview of the process of integration. Rather than focus on mathematical and statistical details, we provide an illustrative description of the practical use of epidemiological modelling to address a series of questions arising in sequence during the emerging HLB epidemic. We summarize the approach taken to address each question and the outcome in terms of the activity of the programme. Consequently, the paper consists of a series of vignettes, which are intended to have pedagogical value to researchers and decision-makers who might be faced with similar challenges in other contexts. Supplementary online material is used to provide details of analyses that cannot be accommodated within the main text of the paper.
In the order in which they appear, the examples we discuss can be considered under three headings. First, we discuss issues connected with disease surveillance and detection and the allocation of resources to that important task. Second, with a successful detection programme comes the issue of handling an increasing number of potentially exposed, but not yet confirmed, cases, and how modelling can be used to explore the adoption of alternative regulatory approaches, not based on confirmation. Finally, we discuss an example of the use of participatory risk modelling in which stakeholders have been asked to assist in evaluating the risk of inadvertent disease spread associated with transport of fruit for processing and packing.
Disease surveillance: finding the enemy
Surveillance for vector-borne diseases presents challenges over and above those of other infectious diseases because both vector populations and disease incidence must be monitored, with a sometimes uncertain relationship between the two, as observed in the dengue fever disease system [3, 4] . Once vector populations are established in an area, early detection of disease becomes the critical factor in surveillance success; where 'success' can be evaluated, in part, as the ability of a surveillance system to detect unexpected increases in disease incidence with sufficient lead-time and spatial precision to guide targeted interventions [5, 6] .
There are several critical challenges to achieving this goal in the context of HLB. Surveillance efficiency is limited both by sampling errors associated with the localized nature of infections in tree canopies and by the relatively long and variable intrinsic incubation period, which greatly exceeds the latent period, and gives rise to asymptomatic infections that contribute to the spread of the pathogen [2] , a phenomenon that has been described in both human and veterinary vector-borne disease systems [7, 8] . The resulting diagnostic errors may cause erratic identification of individual infections and thus unreliable population-level estimates of disease. A related issue occurs when closely related pathogens cause bioassay cross-reactivity [9] .
Understandably enough, decision-makers become unwilling to commit resources on the basis of information that is known to be error-prone. This tension between the reliability and accuracy of disease detection, and the need for action nevertheless, has been a significant factor in the activities of the CPDPC, and a common theme running through this review is that 'Even when data are fluid, a decision must be made' [10] . In a regulatory setting, the aim is often to provide a 'good enough' basis for decision-making in real time; gathering the information for complete understanding of the dynamics is a longer-term, academic pursuit, albeit a useful one, in future decision-making.
With these challenges in mind, biological and operational factors should be considered when designing a fit-forpurpose surveillance strategy. Risk-based surveillance is a strategy that has been employed in diverse disease systems [11 -13] to guide monitoring and control efforts and was the approach selected, soon after the inception of the CPDPP, to enable the programme to find and remove CLas-infected trees in California.
The primary surveillance tool: risk-based surveys for Asian citrus psyllid and Huanglongbing in California
The most important issue facing the CPDPC at the outset of the epidemic, and in continuing efforts to suppress HLB, has been to maximize the early detection of infected hosts and vectors across the state. figure S1 ) to generate risk maps optimized for resource allocation and sampling prioritization (figure 1). The risk score in each STR grid is normalized to the interval [0,1], and subsequently used as basemap for optimized resource allocation and sampling prioritization. In contrast to risk-factor selection for RBS calculation, there were insufficient data, initially, to justify informative weights for risk factors in California; therefore, the original model was run with all risk factors at equal weighting. Since the initial run, the weights for the model parameters have been recalibrated and refined after each round of data collection to improve model predictive accuracy and reliability, and new risk scores will continue to be assigned to the STR grid as the HLB epidemic develops. Figure 1 shows a series of maps over time for the southern California region, with risk values indicated by colour scale from low (blue) to high (red). The initial detections of HLB in the Hacienda Heights and San Gabriel areas of greater Los Angeles, and subsequent clusters of infection in Los Angeles, Orange, Riverside and San Bernardino counties have all been within STR grid squares assigned high to very high risk status from the earliest rounds of risk calculation.
For operational purposes, the output from the RBS calculation is used in the next cycle (usually 2 or 3 cycles per year) of the survey to identify the STR squares to be surveyed, with selection being biased toward squares with highest risk values. However, a 5% proportion of low-risk squares can be included as a negative validation of the risk assignment. The exact number of squares to be sampled and the details of the sample are decided through deliberation between the risk modelling team and the resource managers working for CPDPC in the CDFA. The resource managers provide up-to-date information on human resource availability and other logistics in each cycle in an effort to maintain balance between survey coverage and sampling intensity according to the RBS model.
The RBS has provided the basic quantitative underpinning for the HLB management programme in California for the last 7 years, successfully identifying areas of high risk for HLB introduction and development, and directing programme resources to maximize detection. The RBS is intended to place the surveillance teams in the areas with the highest probability of infection. However, it is left to the regulatory agencies to determine sampling and assay protocols, which can strongly influence detection/confirmation. As of 15 January 2019, 1031 trees infected with CLas have been detected and confirmed in residential southern California by applying the RBS. It is worth noting the issues that have had to be resolved in making the process work; all of these have been operational rather than directly related to the risk modelling itself.
In order for the entire procedure to work, it is necessary for the field data collected in each survey cycle to be passed to the modelling team quickly enough for updated risk calculations to be used in resource allocation decisions. It is hard to overstate how much preparatory work should be invested in data exchange protocols, particularly if different agencies are responsible for collecting data and providing risk calculation. Some, but by no means all, of the issues that might need to be dealt with ahead of time include:
having agreement to allow data collected for regulatory purposes to be passed to a third party for analysis;
-compliance with protection of identity laws, if the data contain information that allows individual properties to be identified; -clear specification of which data are required for risk calculations; -assignment of responsibilities for data exchange timeliness and quality assurance to specific individuals at the datagenerating and data-receiving ends of the partnership; -and regular oversight of the process by programme management to avoid delays at potential recurring bottlenecks in the data collection to risk calculation to resource deployment loop.
Re-evaluation of surveillance logistics: optimizing resource allocation to programme components
With the RBS established as the foundation of the programme, a further series of operational issues has arisen over time. The CPDPP annual budget, including all growergenerated, state and federal funding, is currently in the order of $40 M. While this appears a significant sum, translated into human activity, equipment, laboratory costs and other operating expenses, it is a modest budget with which to suppress the spread of HLB in a region as large and complex as California. The key issue facing decision-makers is essentially a classical economic problem of how to allocate scarce resources to optimize a desired outcome. Two related resource allocation questions, in particular, recently emerged as high priorities for decision-makers. The first question concerns the allocation of sampling resources between delimiting surveys around new disease detections and continuing the RBS across the selected set of STR squares in each cycle of sampling. Until recently, the regulatory response called for the imposition of an 800 m quarantine zone around HLB detections. The delimitation sampling required to establish the size of the infection cluster, and therefore the location of the quarantine boundary, is considerable and entails moving survey staff from the RBS to the delimitation survey. The trade-off that results is between coverage of the wider area that needs to be sampled (via the RBS) on the one hand, and, on the other, the rate of detection and delimitation of infected areas along with the associated removal rate of inoculum from the epidemic. The question posed by the CPDPC to the epidemiology team has two parts:
A. Would a smaller delimitation radius around each new detection significantly reduce the detection efficiency of the delimitation surveys? B. Is it possible to derive an estimate of the probability of HLB-infected trees in each STR square and the probability of detection by the RBS to gauge the benefit of moving resources from delimitation surveys to the RBS?
The epidemiology team has been able to provide answers to both questions.
(a) Part A: reducing delimitation radii
The history of positive detections in each infection cluster (where an infection cluster is defined as a distinct 800 m radius around one or more infected trees) was reconstructed royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20180281 from the database maintained by CDFA. Samples both of confirmed CLas positive trees and of ACP were used to reconstruct the detection timeline within each cluster. By expressing the cumulative distribution of detections as a function of distance from the initial detection, it was possible to show in simulated data-resampling experiments that reducing the radius of the delimitation survey from 800 to 400 m would result in the detection of greater than 90% of the CLaspositives detected by the larger radius. For some of the clusters, the sampling effort required to sample the smaller area would be only 25% of that needed for the larger area. Figure 2 shows the temporal reconstruction of detections in one disease cluster and the summarized outcome of the data-resampling experiments used to simulate disease detection efficiency with reduced delimitation radii. The findings were reported to the Science sub-committee of the CPDPC in July 2018 and the CPDPC voted to reduce the delimitation survey radius to 450 m at its July meeting; 450 m was chosen rather than 400 m in an attempt to add additional assurance of disease detection and control.
(b) Part B: estimating state-wide disease incidence
The resources released by reducing the area of delimitation surveys should be available for disease surveillance in the RBS. An operational question for decision-makers, however, was what difference the extra resources might make to disease detection. To answer that question, it was necessary to provide estimates of the probability of infected trees in each STR grid square, as a basis for estimating detection rates. Through RBS deployment and data collection, the number of samples and the number of HLB detections are recorded each survey cycle, and estimates of the number of residential citrus trees are updated for each STR. In STR grids where sufficient information is available (i.e. more than 1% survey coverage occurs), predictions can be made on HLB incidence based on the data collected and the detection accuracy, with the underlying assumption that infected trees are homogeneously distributed. Figure 3 summarizes the statistical approach for estimating the probable HLB incidence range for each STR in California, and provides a snapshot of predicted incidence ranges for southern California using qPCR as the detection technique, 5. Exploring the feasibility of changing regulatory policy: defining exposure to the pathogen-the first step to changing the process of mandatory tree removal
The second major question posed by CPDPC follows from the two-part first question. One of the main uses of human resources in the delimitation surveys is in collecting plant and ACP samples for diagnostic laboratory tests. Trees inside 800 m quarantine areas that initially produce negative qPCR test results are added to a watch list and resampled at regular intervals to determine whether they have become CLasþ. As the number of detections grows, and new quarantine areas are declared, the number of trees on the watch list grows with the area under quarantine. It is estimated that garden citrus trees compose approximately one-quarter to one-third of all citrus in the state. In southern California, 40 to 50% of properties have a citrus tree of some kind, with the median number of trees per property estimated at just over two trees; the watch list of potentially infected trees in urban gardens is now in the tens of thousands. The rate of growth in the size of the watch list derives from the way State Agriculture Code is interpreted for regulatory purposes. The state's right to take action against noxious organisms is established by this code, which is itself drawn from federal statute. The definition of 'infected' that it uses is based on that established by the United States Department of Agriculture, Animal and Plant Health Inspection Service, Plant Protection and Quarantine (USDA-APHIS-PPQ, 'PPQ' for brevity) under its mandate as the national plant protection organization. Regulatory authority established by PPQ is always based on direct confirmation of the presence of the quarantine organism. In the case of HLB, this means that the definition of 'infected' is based on confirmation of the presence of pathogen DNA by qPCR. Because of the high probability of false negatives, caused by the variable interval between initial infection and the time when CLas becomes widespread in a tree, increase in the number of trees on the watch list for re-testing is essential to allow useful state removal activities, compliant with the strictest interpretation of the Code.
Despite the interpretation that has historically been used, however, the actual wording of the California Agriculture Code offers a potential solution to the problem of the growing watch list. The relevant section of the code (article 4, §5762) states:
Any pest with respect to which an eradication area has been proclaimed, and any stages of the pest, its hosts and carriers, and any premises, plants, and things infested or infected or exposed to infestation or infection with such pest or its hosts or carriers, within such area, are public nuisances, which are subject to all laws and remedies which relate to the prevention and abatement of public nuisances.
Thus, state law in California allows the state regulatory agency (i.e. CDFA) to take action against noxious (a) (b) Figure 3 . Estimated minimum (a) and maximum (b) HLB incidence for each STR in southern California. (c,d) Higher resolution of estimated incidence range for Orange County subregion with detections from the RBS identified (dots). (e) Sampling efficacy table predicting the probability of finding at least one CLasþ tree given the sampling effort and detection probability, using the binomial theory. ( f ) Summary of the statistical methodology for estimating HLB incidence ranges for each STR using the RBS, and subsequent data collection via survey deployment. (Online version in colour.)
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organisms, or locations that may harbour them, when they have been exposed to infestation or infection. It seems safely arguable that 'exposure' concerns possibility rather than confirmed fact. Hypothetically, this interpretation allows a solution to the resource limitation issue by reducing the need for a re-testing programme on an ever-increasing number of trees. If a definition of 'exposed to' could be made along these lines, trees within an exposure radius around confirmed positive detections could be removed (i.e. culled) without testing, freeing up resources to allocate to the RBS or establishing new delimitation surveys. There are also added potential benefits of removing undetected sources of inoculum from the epidemic and reducing the host density in high-risk areas. The question posed by the CPDPC to the epidemiology team was whether a suitable definition of exposure could be derived from the available data in California. The question was similar to that which underpinned the Asiatic citrus canker eradication programmes in Florida and Brazil [16, 17] .
The initial analysis of this problem was similar to that used in Part A of the earlier question. Data from the timecourse of infections were used to characterize each infection cluster according to the cumulative proportion of known positives occurring with time and distance from the first detection. These analyses revealed that while some clusters were relatively dense-having large numbers of infected trees in close physical proximity, and consequently confirmed to be infected over a short time from the start of samplingother clusters were more diffuse, with infected trees that were more widely spaced, and which consequently took longer to be detected. Since culling is itself resource-intensive, it is only likely to be feasible for dense clusters, where the total number of trees inside the exposure radius will be relatively small. This sets a useful constraint for the rule-making process to turn the definition of exposure into operational phytosanitary activities, but it leaves the issue of the definition of exposure, per se, unanswered.
Ideally, a definition of exposure used in rule-making would be based on definitions in published peer-reviewed analyses. Such definitions do exist (e.g. [18] ), but key data on ACP numbers needed to adapt the definitions for urban California are lacking. This is because once a region is considered to be 'generally infested' with psyllids, no further estimates of vector population density tend to be made.
However, as already noted, there are accurate records of verified infected hosts. This allows the possibility of exploiting the fact that the vector and host dynamics are coupled, to use the infected tree data as a proxy for the missing psyllid data, and to construct the definition of exposure primarily from the disease incidence data, knowing that pathogen spread is essentially impossible without the involvement of the vector. The basic concept is well known in the analysis of population time-series data [19, 20] . The implicit involvement of the vector in disease spread allows the time-series of disease detections to be expressed in terms of its own history alone, even though the underlying process, in which the vector exposes the trees to infection, involves coupled dynamics between two populations. In other words, precisely because the system has a biological interdependence between vectors and diseased hosts, we can express exposure in terms of the outcome of that interaction, even when the outcome is characterized by the numbers of infected hosts alone.
6. Using the new definition of exposure: a second step in changing the process of mandatory tree removal
Despite lacking primary data on vector populations, the modelling team can yet use details of observed psyllid behaviour to draw up guidelines for tree removal and managing watch lists. Figure 4 shows the distribution of density of HLB infections around 659 known infected trees in southern California, when a radius of 170 m around the infected trees is considered. To give an illustrative example to aid interpretation, approximately 70 of the infected trees had no other infected trees (indicated by 0 on the horizontal axis) within 170 m. Bars toward the left end of the figure represent conditions of relatively sparse infection, while those toward the right hand end are characteristic of denser infection clusters. Clusters toward the right-hand end of the scale would be more likely targets for a removal policy based on exposure than those toward the left.
The substitution of 'exposed' for 'infected' and the use of cluster observation data to determine the likelihood of exposure potentially allow a shift from a strategy of spotremoval of individual trees, verified as infected, to a strategy of clearing dense clusters of trees, known to be exposed and therefore almost inevitably infected. However, such a shift might trigger legal challenges to the authority of the tree removal programme. A citrus canker eradication programme in Florida that used a comparable approach was successfully challenged in class actions brought by homeowners [16] .
A hypothetical example of how this process could, nevertheless, be made operational is given in the supplementary material. The issue of whether the approach could be feasible is under active discussion by the CPDPC with advice from CDFA staff and the modelling team.
While homeowners with citrus trees on their properties have in the past in Florida [16] mounted determined resistance to unwelcome phytosanitary regulation, and might do so again in the future in California, such a response is a typical example of the conflict between private utility and public welfare in disease management; there are obvious parallels with the desire to opt out of public vaccination programmes for communicable diseases. In forcing a choice between private benefits and a wider public good such conflicts have similarities to many of the choices faced by commercial California growers, who are regularly forced to resolve trade-off problems in the course of the HLB epidemic in California.
Participatory analysis of the risk of disease spread and associated quarantine policy
One of the most problematic aspects of a disease like HLB is that it forces growers and regulators to make inter-temporal trade-off choices between current and expected future benefits; that is, it requires incurring immediate costs to protect against possible, larger, future losses. The removal of infected but fruit-bearing trees is one such trade-off [21] ; imposing quarantines and requiring mitigation measures on fruit transport is another. When citrus fruit is harvested, it is loaded in bulk on trailers for transportation to packing houses, where it is cleaned royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20180281 and packaged for sale. A few packing houses handle the majority of the state's production, meaning that fruit can travel hundreds of kilometres to be processed. The risk of spread of ACP along with bulk citrus loads has been known about for several years, and has been quantified based on observations collected in Florida [15, 22] . During the period 2014-2017, the whole of southern California was under quarantine for ACP while only selected areas of northern California, associated with isolated psyllid detections, were quarantined. The incidence of psyllid detections in northern California increased steadily during that period and there were calls from the industry for a state-wide quarantine to be declared and for within-state mitigations associated with fruit movement to be stopped, on the basis that the existing regulations were costly and failing to prevent incursion of the vector into the northern region.
Prioritizing long-term viability for the industry as a whole, over maximizing immediate profitability for individual growers and packers, the epidemiology team argued against setting a single state-wide quarantine. We used the relationship between the presence of transportation routes and the risk of ACP and HLB presence estimated in Florida to illustrate the association between ACP detections in northern California and major fruit transport routes. A briefing paper was produced which recommended that the state be subdivided into more zones, and mandatory covering of bulk citrus loads to be initiated, along with mitigation steps such as treatment of orchards with insecticide and fruit cleaning to remove leaves, stems and insects, prior to road transport of bulk citrus. CPDPC voted to request the necessary rule-making, and CDFA used emergency rule-making provisions to pass the new regulations, which came into effect in January 2018. Figure 5 shows the locations of the seven zones demarcated by CDFA and the initial risk matrix produced by the epidemiology team for fruit movement between pairs of zones.
When the resulting bulk citrus movement regulations were initially implemented, CPDPC approved a uniform requirement for mitigation measures before fruit could be moved between zones. With the basic policy in place, there has been a steady demand from some groups of growers to make the regulations more responsive to perceived local risk levels and to institute flexible mitigation requirements for different zones.
In response to these mitigation requests, CPDPC asked the epidemiology group to re-evaluate the risk of moving bulk citrus between the regional quarantine zones and to provide evidence upon which any potential changes to the regulations could be based. The epidemiology group developed a pilot qualitative risk model, using the federal framework for pest risk analysis as a guide.
The analysis of the risk posed by fruit transport highlights the recurring theme of the need to deal with a 'fluid' situation, in terms of the features of analyses needed for rapid programme support, but also how the behaviour of decision-makers can contribute to the fluidity. On the first point, as with the starting situation for the RBS, the information required for a quantitative analysis of the risk of fruit transport was mostly unavailable. In both cases (which are typical of situations where empirical data are absent or inadequate for quantitative analysis), qualitative models built from expert knowledge were used as substitutes. This is accepted as an inevitable next-best option in many regulatory contexts [23] since 'a decision must be made'.
With respect to human behaviour, the objective for the analysis changed, iteratively, as decision-makers were exposed to the results of the work and their opinions changed accordingly. The initial balance of opinion in favour of removing internal state quarantines changed to acceptance of the need for increased quarantine zoning of the state when the evidence from Florida was presented to CPDPC; the acceptance of the quarantine zones and the accompanying uniform requirement for mitigation of the risk of transport of ACP with fruit movement gave way to requests for a more nuanced policy based on a risk evaluation, once the cost and inconvenience of the initial regulations were experienced; the finding of the risk evaluation-that nearly all possible pairs of zones of consequence to the citrus industry were at high risk (because either the source had elevated risk status, or the potential impact in the destination zone was high, or both)-was questioned by some members of the CPDPC. This resulted in the current situation, in which the modelling team is facilitating an industry working group to evaluate the risk analysis, to adapt the model if necessary and to generate recommendations of further changes to the regulations for consideration by CPDPC.
Discussion
In a recent analysis of the role of human behaviour in the efficacy of disease control in agriculture, McQuaid et al. [24] noted:
The success or failure of a disease control strategy can be significantly affected by the behaviour of individual agents involved, influencing the effectiveness of disease control, its cost and sustainability. This behaviour has rarely been considered in agricultural systems, where there is significant opportunity for impact.
The analyses described by McQuaid et al. [24] and the work described in this paper can be thought of as representing contrasting alternatives, lying towards opposite ends of a continuum of approaches, for dealing with the complexity of human behaviour in disease dynamics. The approach taken by McQuaid et al. [24] to address the need they identify can be characterized as strategic and external to the problem at hand. The modellers summarize the system, including human behaviour, in a mathematical framework aimed at broad understanding of the factors that determine the dynamics, and provide valuable strategic suggestions about potential interventions from the viewpoint of external observation. In contrast, the approach adopted in our efforts to support the CPDPC in California can be characterized as tactical and internal to the problem. The modellers analyse individual questions that arise from operational activities and deal with the human behavioural component of the dynamics through direct interaction with the decisionmakers in the system of interest.
The strategic/external perspective has had considerable success in identifying guiding principles of disease management in botanical epidemiology [25] [26] [27] [28] , public health [29 -31] and veterinary epidemiology [32, 33] . The general principles of intervention that such strategic modelling approaches have yielded provide a useful framework for decision-makers in rapidly developing, invasive epidemics, such as the HLB problem in California, but do not often provide detailed information that can resolve operational questions. As McQuaid et al. [24] point out, variation in the behaviour of those responding to a disease outbreak further complicates the situation facing decision-makers attempting to manage regional resources. Here again, as with strategic modelling of disease dynamics, analyses that provide useful general insights into behaviour under risky conditions across a population [24, 34, 35] are less likely to be applicable to help decision-makers dealing with specific tactical decisions, with imperfect information, under time pressure.
In contrast to the clarity often available in the results of strategic modelling work, the type of analysis conducted in close programme support inevitably inherits much of the uncertainty that makes decision-making in these circumstances difficult in the first place. Rather than a unified analysis of the entire problem posed by the epidemic, what develops in such circumstances is a set of more-or-less distinct analyses, each focused on a particular issue. However, the questions addressed in the current support work are typical of those encountered in the response to invasive diseases. It is vital that we recognize the broad issues that the California HLB epidemic, and the response to it, share with comparable outbreaks and develop the methodology needed to include royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20180281 these general features in strategic epidemiological models, for the benefit of future decision-makers facing the same challenges. Good progress in this kind of integrative work has already been made [21, 24, [36] [37] [38] [39] [40] . A significant challenge faced by epidemiology is to integrate the valuable insights these analyses provide with close programme support work of the type described here.
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